To investigate the effects of catalpol on corneal neovascularization (CNV) and associated inflammation, eye drops (5 mM catalpol or PBS) were administered four times daily to alkali-burn rat models of CNV and inflammation. Clinical evaluations of CNV and the degree of inflammation were performed on days 0, 4, 7, 10 and 14 under slit lamp microscopy. Eyes were collected on day 14 and prepared for hematoxylin and eosin, and immunofluorescence staining; corneal cell apoptosis was investigated via terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) staining. Protein expression levels of angiogenic and proinflammatory factors, including vascular endothelial growth factor (VEGF), pigment epithelium-derived factor (PEDF), tumor necrosis factor-α (TNF-α) and necrosis factor-κB (NF-κB) were determined by western blotting. The effects of catalpol on cell proliferation were investigated in vitro using human umbilical vein endothelial cells (HUVECs) and a Cell Counting kit-8 (CCK-8); alterations in migration and tube formation were investigated via HUVEC wound closure and tube formation assays. HUVEC viability and proliferative ability were inhibited in a dose-dependent manner; catalpol also decreased HUVEC cell migration and tube forming ability. Within alkali-burn rat models, decreased inflammation and CNV was associated with catalpol administration; as demonstrated with TUNEL, corneal cell apoptosis was decreased in response to catalpol. Western blot analysis revealed reduced protein expression levels of VEGF and TNF-α; however, PEDF and phosphorylated-NF-κB p65 were increased due to catalpol administration. The present study demonstrated the inhibitory effects exerted by catalpol on CNV and inflammation within alkali-burned rat models. Topical application of catalpol in vivo was associated with reduced CNV and inflammation; therefore, catalpol may be considered an anti-inflammatory agent for the clinical treatment of CNV.
Introduction
Corneal disease is the second leading cause of blindness worldwide, as the cornea serves an important role in the refraction of light through the eye (1) . However, local factors or systemic diseases can affect corneal transparency, which leads to the formation of corneal neovascularization (CNV), causing decreased visual acuity, corneal scar, lipid deposition and induced corneal transplant rejection (2) . CNV can be induced by alkali burns. Fats and proteins are dissolved within alkali burns, which cause cellular decomposition and necrosis, and consequent corneal degeneration, necrosis, ulceration, perforation and NV. It is very important to control the inflammatory reaction and the invasion of CNV in order to reduce corneal injury and complications. The clinical use of anti-inflammatory glucocorticoids can inhibit CNV but several side effects have been reported, including intraocular pressure, infection and resistance (3) . Such treatment cannot be administered onto the ocular surface safely for long durations. The present study aimed to investigate the use of catalpol to treat CNV in a safe and effective manner.
Catalpol, which is a member of the iridoid glycosides family, is a chemical component isolated from the Scrophulariaceae rehmannia root (4) . A recent study suggested that catalpol exerts protective effects against cerebral ischemia, dementia, inflammation, capillary permeability, tumor, laxation and blood glucose levels, and other pharmacological properties associated with high safety and low toxicity (5) . It has been reported that catalpol can protect neurons from cytotoxic damage, reduce neuronal cell apoptosis following cerebral ischemia (6) and alleviate neuropathic pain (7) . Our previous studies have demonstrated that netrin-1 suppressed corneal and retinal NV (8) (9) (10) .
Numerous neuroprotective and anti-inf lammatory effects exhibited by catalpol have been reported; however, the underlying mechanism has yet to be determined. In the present study, corneal alkali-burn rat models of CNV were employed to investigate the effects of catalpol on angiogenesis and inflammation; the potential underlying anti-angiogenic mechanism was investigated in vitro.
Antiangiogenic effects of catalpol on rat corneal neovascularization

Materials and methods
Reagents and cell culture. Catalpol was isolated from the traditional Chinese medicinal root, Scrophulariaceae rehmannia. Catalpol was purchased from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China). Catalpol was dissolved in PBS to generate various concentrations, 0.1, 0.5, 1, 2, 5, 10 and 20 mM; preservatives were not used in the present study. Human umbilical vein endothelial cells (HUVECs) were obtained from the Cell Line Bank of the Chinese Academy of Sciences (Shanghai, China) and cultured as previously described (11) . HUVECs were used after 2-6 passages.
Cell viability assay. The Cell Counting kit-8 (CCK-8; Dojindo Molecular Technologies, Inc., Kumamoto, Japan) assay was used to quantify cell according to the manufacturer's protocol. Briefly, 5x10 3 HUVECs/well were seeded into 96-well plates in triplicate and incubated at 37˚C for 24 h. Catalpol was applied to the EGM-2 medium (cat. no: CC-3156; Lonza Group, Ltd., Basel, Switzerland), at a dosage of 0.1, 0.5, 1, 2, 5, 10 and 20 mM for 72 h. Cell viability was determined using 10 µl CCK-8 solution (Dojindo Molecular Technologies, Inc.), according to the manufacturer's protocol. Optical density was determined with a universal microplate reader at 450 and 570 nm (BioTek Instruments, Winooski, VT, USA), Wound closure assay. HUVEC migration was investigated as previously described (10) . HUVECs (1x10 5 /well) were seeded onto 1% gelatin-coated 24-well plates (Corning Life Sciences, Amsterdam, Netherlands). A scratch wound was made in confluent cell culture in two perpendicular directions with a sterile pipet tip (200 µl). Floating cells were washed with PBS and the remaining cells were cultured with experimental medium (with or without 5 mM catalpol) for an additional 24 h.
In vitro tube formation assay. HUVECs were serum-starved for 12 h and seeded onto growth factor-depleted Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) coated 24-well plates at a density of 10,000 cells/well. Cells were incubated at 37˚C with 5 mM catalpol or PBS (control) for 6 h and fixed with 4% paraformaldehyde (PFA). Tube structures within ≥5 microscopic fields were imaged and quantified; tube length was analyzed via ImageJ software version 2X (National Institutes of Health, Bethesda, MD, USA) (7).
Alkali-burned rat cornea model. Alkali burns were applied to Sprague Dawley rats (180-220 g; 2 months old; male; n=60; Shanghai Shilaike Laboratory Animal Co., Ltd., Shanghai, China) as previously reported (8) . The rats were individually housed in hanging wire cages (changed weekly) with in a room maintained at 22±2˚C, relative humidity of 30-70%, 10 changes of air per hour, and a 12-h light/dark cycle. Tap water and standard diet were supplied ad libitum. Briefly, 60 anesthetized rats (10% chloral hydrate, 3 ml/kg) received topical administration of a drop of 0.5% tetracaine. Alkali burns were induced by placing 3.5 mm diameter round filter paper soaked with 1 M NaOH onto the center of the corneal surface for 30 sec, followed by a rinse of 10 ml PBS.
Alkali-burned animals were randomly divided into the PBS and catalpol groups (n=30 rats/group). Topical administrations of 10 µl PBS or 5 mM catalpol were applied four times per day for 14 days; treatments were applied every 6 h (6:00 a.m., 12:00 p.m., 6:00 p.m. and 12:00 a.m.). Eyes were examined on days 1, 4, 7, 10 and 14 by slit lamp microscopy to evaluate CNV, inflammation and damage. Rats were sacrificed on postoperative day 7 or 14, and corneal samples were collected for histological examination, protein extraction or stored at -80˚C until use.
Animal experiments were carefully performed in accordance with the guidelines of the Association for Research in Vision and Ophthalmology (Rockville, MD, USA) Statement for the Use of Animals in Ophthalmic and Vision Research (9) , and the present study was approved by the Experimental Animal Committee of Xiamen University (Xiamen, China; approval ID: XMUMC2015-02-1).
Slit lamp microscopy examination. Corneal epithelial alterations were determined by 0.1% fluorescein sodium staining under cobalt blue light. Images were processed with Image Pro Plus version 6.0 (Media Cybernetics, Silver Spring, MD, USA). CNV area (S) was quantified using the following formula:
]; where C is time, I is the vessel radius and r is the cornea radius (8) . The inflammatory index was evaluated based on various parameters as previously described, including ciliary hyperemia, peripheral and central corneal edema (12) .
Histology. Eye samples were fixed in 4% PFA in PBS overnight at 4˚C, dehydrated in a series of alcohol and embedded in paraffin. Tissue samples were cut into 5 µm sections and were subsequently stained with hematoxylin and eosin examined using an Eclipse 50i clinical microscope (Nikon Corporation, Tokyo, Japan).
Immunofluorescent staining. Cryosections of 4 µm were air-dried at room temperature for 30 min and fixed in acetone for 10 min at -20°C. Then, sections were rehydrated in PBS, and incubated in 0.2% Triton X-100 for 10 min Following three rinses with PBS for 5 min each and preincubation with 2% BSA to block nonspecific staining, samples were incubated with anti-rabbit VEGF (cat. no: ab46154; 1:200; Abcam, Cambridge, MA, USA) and anti-rabbit PEDF (cat. no: sc-25594; 1:200; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) antibodies for 16 h at 4˚C. Following three washes with PBS for 15 min, samples were incubated with a FITC-conjugated secondary antibody (goat anti-rabbit IgG; cat. no. F-6005; Lot: 065k6224; 1:100, Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for 1 h. Following three additional PBS washes, the sections were counterstained with propidium iodide (1:1,000) and then counterstained with DAPI (Vector Laboratories, Inc., Burlingame, CA, USA), mounted, and photographed using the Leica upright microscope (DM2500; Leica Microsystems GmbH, Wetzlar, Germany).
For analysis of integrated optical density expression of positive immunostaining, images from immunostained (VEGF and PEDF proteins) sections were processed using image-processing software (Image Pro Plus version 6.0; Media Cybernetics, Bethesda, MD).
Western blot analysis. Corneal tissues were dissected and ground in cold radioimmunoprecipitation assay buffer with proteinase inhibitor cocktail (Merck KGaA, Darmstadt, Germany). Total protein was quantified using a bicinchoninic acid assay and 20 µg were loaded onto 10% Bis-Tris SDS-PAGE gels under reducing conditions at (80 V, 3 h, room temperature) and then transferred onto nitrocellulose membranes. The membranes were blocked with ChemiBlocker for 1 h and the blots are subsequently incubated overnight at 4˚C with primary antibodies against VEGF (cat. no. Apoptosis detection assay. Corneal cell apoptosis was analyzed using frozen corneal sections and terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL; DeadEndä Fluorometric TUNEL system; Promega Corporation, Madison, WI, USA) according to the manufacturer's protocol following 4% PFA fixation overnight at 4˚C. Nuclei were counterstained with DAPI and 3 fields of view per sample were mounted in H-1200 (Vector Laboratories, Inc., Burlingame, CA, USA) and observed under a confocal microscope (Fluoview FV1000; Olympus Corporation, Tokyo, Japan).
Statistical analysis. Data are presented as the mean ± standard deviation. The inflammatory index and CNV area were analyzed with one-way analysis of variance followed by a Bonferroni post hoc comparison. One-way analysis of variance followed by a post hoc Tukey test were used to analyze HUVEC viability, migration and tube formation between groups. Statistical analyses were conducted using GraphPad software version 5 and analyzed using t-test (GraphPad Software, Inc., La Jolla, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Catalpol decreases HUVEC viability in a dosage-dependent manner.
The present study performed CCK-8 assays to determine cell viability in the presence of various concentrations of catalpol (0, 0.1, 0.5, 1, 2, 5, 10 and 20 mM). Treatment with ≥0.5 mM catalpol inhibited HUVEC survival in vitro (Fig. 1A) . In addition, in the pre-experiment, 5 mM catalpol was reported to exert an effect on the rat model in vivo. In the pre-experiment, 5 mM catalpol reduced CNV and inflammation in alkali-burned rats. The CNV area at day 4, 7,10 and 14 was ~37.8, 53, 68 and 65mm 2 in the control group, and was ~25.2, 32, 35 and 30 mm 2 in the catalpol-treated group. The inflammation index at day 4, 7,10 and 14 was ~0.58, 0.63, 0.59 and 0.55 in the control group, and was ~0.43, 0.35, 0.31 and 0.24 in the catalpol-treated group (data not shown). Therefore, 5 mM catalpol was chosen for subsequent experiments.
Catalpol inhibits HUVEC migration and tube formation. In order to confirm the role of catalpol in cell proliferation, the present study assessed its effects on HUVEC migration using a scratch-wound model. Wound closure was detected in the presence of absence of catalpol. In the PBS control group, wound closure was detected within ~12 h. However, wounds in the catalpol group did not heal within 12 h; 50% of the wound remained unhealed in the catalpol-treated group at 12 h. The migration rates at 12 h were 100 and 50% in the control and 5 mM catalpol-treated groups, respectively (Fig. 1B and C) .
Subsequently, the effects of catalpol on HUVEC tube formation were assessed using a previously established in vitro tubulogenesis assay (13) . The results demonstrated that 5 mM catalpol significantly inhibited HUVEC tube formation ( Fig. 1D and E) .
Metabolic conditions in Sprague Dawley rats.
A total of 60 weight-matched Sprague Dawley rats (weight, 200-220g; age, 8-10 weeks; male) were randomly divided into two groups, which were treated with PBS (control) or catalpol. A total of 4, 7, 10 and 14 days following administration of PBS or catalpol eye drops, body weight and eyeball weight were measured ( Fig. 2A) . No significant difference was observed between the experimental and control groups with regards to alterations in body weight and eyeball weight (Fig. 2B and C) .
Catalpol reduces CNV in alkali-burned rat corneas.
Alkali burn is a well-established model used to study CNV. The present study evaluated the effects of catalpol on CNV using an alkali burn model. Few peripheral neovascularization were detected on day 1 post-alkali burn (Fig. 3A and B) . The inflammatory index was slightly decreased from day 4 to day 14 in the PBS group, whereas it was markedly reduced in the catalpol-treated group. There were significant differences between the two groups on days 4, 7, 10 and 14 (Fig. 3C) .
In the PBS group, angiogenesis was detected in the peripheral corneas at around day 4, and approached the central corneas on day 7; the newly formed blood vessels were detectable on day 14 ( Fig. 3A and B) . Conversely, corneas treated with catalpol exhibited a mild increase in newly formed blood vessels, which were maintained at low levels throughout the study period (Fig. 3A) . The area of the newly formed blood vessels was much lower in the catalpol-treated group compared with in the control group on day 14 (Fig. 3A) . Persistent angiogenesis was detected in the anterior region of the corneal stroma in the control group on day 14, as determined by hematoxylin and eosin staining, and clearly indicated by the red blood cells in the blood vessels. However, in the catalpol-treated group only a few blood vessels developed in the limbus and none were detected in the peripheral or central corneas (Fig. 3A) . There was no significant difference between the groups. There were 60 rats in total. Each group had 30 rats; 5 rats in each group were sacrificed on days 0, 4, 7 and 10 and 10 rats sacrificed on day 14. by inducing apoptosis of underlying stromal cells, which promotes the infiltration of inflammatory cells that can cause further damage. To determine the effects of catalpol on alkali burn-induced apoptosis, a TUNEL assay was conducted. The majority of cells in the central corneas were TUNEL-positive on day 7 post-alkali burn in the PBS group. Conversely, the number of apoptotic cells was significantly reduced in the catalpol-treated corneas at day 7 compared with in the PBS group ( Fig. 4A and B) .
Catalpol reduces the alkali burn-induced apoptosis of corneal cells. Alkali burns may directly damage corneal epithelia
Catalpol alters the expression of VEGF and PEDF in alkali-burned rat corneas. CNV is controlled by the balance between pro-and antiangiogenic factors, including VEGF and PEDF. To investigate how catalpol prevents CNV in the alkali burn model, the present study analyzed the expression levels of VEGF and PEDF by western blotting and immunofluorescence (Fig. 5A) . The results demonstrated that VEGF was expressed at low levels in normal rat corneas, and was markedly increased on day 14 post-alkali burn in the control group (data not shown). In the catalpol group, the expression of VEGF was much lower than in the control group on day 14. Conversely, PEDF was markedly decreased on day 14 post-alkali burn; however, PEDF was restored to some degree in the catalpol treatment group, although it was still somewhat lower than the expression in normal corneas (data not shown).
Catalpol alters the expression of TNF-α and p-NF-κB p65
in alkali-burned rat corneas. The present study investigated the anti-inflammatory effects of catalpol post-alkali burn by measuring the expression levels of the inflammatory factors TNF-α and p-NF-κB p65 by western blotting (Fig. 6) . On day 14 TNF-α expression was lower in the catalpol group vs. the PBS group (Fig. 6A and B) . Furthermore, TNF-α was downregulated in catalpol group. Conversely, p-NF-κB p65 expression was increased in the catalpol-treated group (Fig. 6C and D) . Catapol can inhibit inflammation induced by alkali-burn rat cornea. On day 14, newly formed blood vessels approached the central part of the cornea in the control group, and corneal transparency was markedly decreased. However, only a few newly formed blood vessels in the limbus were detected in the catalpol-treated group, and the corneas remained transparent on day 14. Hematoxylin and eosin staining demonstrated that new blood vessels (white arrows) were present in the limbus and the central corneas in the control group on day 14, whereas in the catalpol-treated group, few blood vessels (white arrows) were detected in the limbus, and none were present in the peripheral and central corneas, magnification 20x. (B) CNV area in the control group was increased from day 0 to 14; however, there was a mild decrease on day 14 post-alkali burn. Conversely, the catalpol-treated group exhibited a mild but significant decrease in CNV area on days 4, 7, 10 and day 14. 
Discussion
Corneal alkali burns result in the generation of progressive ocular disease, which aggravates inflammation and tissue injury, causing CNV-associated complications and ulceration. Although CNV is conducive to the elimination of pathogens and tissue repair, it is also associated with reduced corneal transparency, thus resulting in damage to eye structure and visual function. In addition, CNV has been reported to be the main clinical cause of blindness (14) . At present, the aim of future research is to develop novel, safe and effective anti-inflammatory and anti-angiogenic therapies for the treatment of CNV.
Catalpol has been reported to possess antioxidative, anti-inflammatory, anticancer, neuroprotective, diuretic, hypoglycemic, anti-hepatitis, hemostatic and antispasmodic properties (15, 16) . Ocular inflammatory factors and proapoptotic factors within ocular alkali-induced burns activate the apoptotic pathway, and simultaneously introduce a large number of polymorphonuclear and inflammatory cells to aggravate inflammation and injury. Choi et al (17) reported that catalpol alleviates the inflammatory response of THP-1 cells by inhibiting the activity of NF-κB. Basal expression of NF-κB has been reported in all cell types, and is known to serve a physiological role in the development of the cornea and normal physiological activities (16) . Upon stimulation of the cornea by external factors, the NF-κB/inhibitory κB complex dissociates, and NF-κB is translocated into the nucleus where it binds to corresponding sites on target genes, thus activating gene transcription.
TNF-α is mainly produced by monocytes and macrophages, and can inhibit the activity of nitric oxide synthase, promote the expression of endothelial cell adhesion molecules, activate vascular endothelial cells, release platelet-derived growth factor and induce apoptosis of endothelial cells. Consequently, TNF-α can cause vascular proliferation and necrosis (17) . Recently, it has been demonstrated that catalpol can reduce TNF-α and p-NF-κB expression (18) . The results of the present study indicated that catalpol treatment reduced inflammation associated with alkali burns of the cornea and downregulated the expression of TNF-α and p-NF-κB.
VEGF is a specific marker protein of vascular endothelial cells, which is involved in the regulation of capillary vessel angiogenesis (19) . VEGF can induce proliferation, response to chemokines and permeability of vascular endothelial cells, and participates in the formation of new blood vessels. In addition, VEGF can promote adhesion, migration and differentiation of mononuclear macrophages, and maintains these processes (20) . Previously, it has been reported that that VEGF is an effective factor in the initiation and regulation of angiogenesis (21) . PEDF is a specific anti-angiogenic factor and neurotrophic factor, which is expressed within the retinal pigment epithelium, iris and cornea (22) . It has been reported that PEDF can promote endothelial cell apoptosis; however, it also inhibits migration of vascular endothelial cells and lumen formation (23) . PEDF has a strong inhibitory effect on CNV and may be an important factor in controlling the progression of the disease (24) . Evidence has demonstrated that the proangiogenic effects of catalpol may be associated with the upregulation of VEGF expression (25) . Low doses of catalpol exert an inhibitory effect on the integrity of vascular endothelial cells. Studies have also reported that the protective effects of catalpol on vascular endothelial cells are dose-dependent. Low doses of catalpol exert an inhibitory effect on the integrity of vascular endothelial cells; however high doses of catalpol provide protective effects (26, 27) . In the present study, low concentrations of catalpol were administered as low doses of catalpol exert an inhibitory effect on the integrity of vascular endothelial cells; however high doses of catalpol provide protective effects. Western blotting revealed that catalpol can downregulate the expression levels of VEGF and upregulate the expression levels of PEDF to inhibit the formation of new blood vessels. In addition, catalpol was confirmed to inhibit the proliferation, invasion, migration and tube formation of HUVECs, which is associated with the inhibition of CNV (Fig. 1B) .
As one of the main causes of blindness, CNV is also a risk factor for graft rejection following corneal allograft transplantation. Corneal alkali burns provide an integrated model of severe ocular surface disease, which results in corneal epithelial defects, keratitis, CNV and decreased corneal transparency (28, 29) . Such models are used to investigate the underlying mechanism and treatment of inflammation and angiogenesis due to ease of use and observation (30, 31) . The present study generated a corneal alkali-burned rat model, and the effects of the traditional Chinese medicine catalpol were determined. The results demonstrated that catalpol can inhibit the formation of CNV and the inflammatory response within alkali-burned rats, and confirmed that catalpol can inhibit HUVEC cell migration, tube formation, proliferation and apoptosis in vitro. Catalpol exhibits effects on corneal alkali burns via VEGF inhibition and PEDF upregulation. In addition, catalpol may reduce the expression of TNF and p-NF-kB-p65 to relieve the inflammatory response. Studies on the anti-inflammatory activity of catalpol further suggests that catalpol exerts therapeutic activity through attenuation of NF-κB activity (6, 32) . The present study provided a novel experimental basis for the treatment of CNV, as catalpol was demonstrated to inhibit the progression of CNV; however, the effects are dose dependent and further investigation into optimal dosage is required.
